-2-Methoxyestradiol (2-ME), a metabolite of estradiol with little affinity for estrogen receptors, inhibits proliferation of vascular smooth muscle cells; however, the molecular mechanisms underlying this effect are incompletely understood. Our previous work shows that 2-ME inhibits initiation (blocks phosphorylation of ERK and Akt) and progression (reduces cyclin expression and increases expression of cyclin inhibitors) of the mitogenic pathway and interferes with mitosis (disrupts tubulin organization). Because the RhoA/ROCK1 pathway (RhoA ¡ ROCK1 ¡ myosin phosphatase targeting subunit ¡ myosin light chain) is involved in cytokinesis, herein we tested the concept that 2-ME also blocks the RhoA/ROCK1 pathway. Because of the potential importance of 2-ME for preventing/treating vascular diseases, experiments were conducted in female human aortic vascular smooth muscle cells. Microarray transcriptional profiling suggested an effect of 2-ME on the RhoA/ROCK1 pathway. Indeed, 2-ME blocked mitogen-induced GTP-bound RhoABC expression and membrane-bound RhoA, suggesting interference with the activation of RhoA. 2-ME also reduced ROCK1 expression, suggesting reduced production of the primary downstream signaling kinase of the RhoA pathway. Moreover, 2-ME inhibited RhoA/ROCK1 pathway downstream signaling, including phosphorylated myosin phosphatase targeting subunit and myosin light chain; the ROCK1 inhibitor H-1152 mimicked these effects of 2-ME; both 2-ME and H-1152 blocked cytokinesis. 2-ME also reduced the expression of tissue factor, yet another downstream signaling component of the RhoA/ROCK1 pathway. We conclude that 2-ME inhibits the pathway RhoA ¡ ROCK1 ¡ myosin phosphatase targeting subunit ¡ myosin light chain, and this likely contributes to the reduced cytokinesis in 2-ME treated HASMCs.
2-METHOXYESTRADIOL (2-ME) is an endogenous metabolite of estradiol that attenuates vascular smooth muscle cell (VSMC) proliferation, migration, and extracellular matrix synthesis (5, 8, 9) and reduces injury-induced neointima formation (4), cholesterol-induced atherosclerosis (9) , monocrotaline-induced vascular thickening in pulmonary hypertension (9) , and injuryinduced glomerosclerosis (9) . Although 2-ME inhibits VSMC proliferation and is thus effective against multiple proliferative disorders (4, 9, 10), the mechanisms via which 2-ME mediates these actions remain incompletely understood.
Our previously published work shows that in human aortic vascular smooth muscle cells (HASMCs) 2-ME inhibits cell proliferation in part by blocking initiation of the mitogenic pathway (4) . Specifically, 2-ME inhibits phosphorylation of both ERK1/2 and Akt ( Fig. 1) , which turns off the mitogenic pathway by decreasing the expression and activity of cyclins. Indeed, we (4) found that 2-ME 1) blocks cell-cycle progression in both G0/G1 and in G2/M phases, 2) reduces cyclin D1 and cyclin B1 expression, 3) inhibits Cdk-1 and Cdk-2 activity, 4) reduces hyperphosporylation of retinoblastoma protein, and 5) upregulates the cyclin-Cdk inhibitor p27 Kip1 . In addition, our previous work demonstrates that 2-ME also blocks mitosis by interfering with tubulin polymerization (4) (Fig. 1) . Thus, we have identified two major sites of action of 2-ME that mediate its effects on cell proliferation (4) .
The last step in cell proliferation is cytokinesis, which requires the organization of a contractile ring that mediates the cleavage furrow, leading to cell division. Importantly, the Ras homolog gene family member A (RhoA)/Rho-associated, coiled-coil-containing protein kinase-1 (ROCK1) pathway is involved in cytokinesis. Studies show that inactivation of RhoA leads to profound defects in cytokinesis, and in most cases cleavage furrow formation is completely blocked (29) . Furthermore, there is evidence that microtubules are required for correct cytokinesis (29) . In this regard, central spindle microtubules are necessary to guide the assembly on the equatorial cortex of the actomyosin contractile ring that mediates the contraction process that forms the cleave furrow resulting in formation of daughter cells (29) . Indeed, disruption of microtubules by colchicine prevents the formation of the cleavage furrow (14) . Importantly, RhoA accumulates at the contractile ring and is activated by ECT2, a cytokinesisspecific RhoGEF, during cytokinesis (29) . Taken together, these observations indicate that RhoA acts as a microtubuledependent signal in cytokinesis. It is known that 2-ME disrupts tubulin polymerization (4) , and our previous microarray experiment shows a downregulation by 2-ME of genes necessary for mitotic spindle assembly (6) . Thus, it is conceivable that 2-ME inhibits the activation of the RhoA/ROCK1 pathway via its microtubule disrupting action and thereby blocks cytokinesis (Fig. 1 ). If this hypothesis is correct, 2-ME is a unique antiproliferative agent because it blocks cell proliferation at three key states of the proliferative mechanism: 1) initiation and progression of the mitogenic program, 2) mitosis, and 3) cytokinesis ( Fig. 1) . Motivated by these facts, we decided to examine the hypothesis that 2-ME blocks the RhoA/ROCK1 pathway in HASMCs. We selected HASMCs for two reasons: 1) so we could compare the present results with past studies in HASMCs, and 2) to increase the clinical relevance of our findings.
MATERIALS AND METHODS
Overview of research strategy. To accomplish our objective, we employed multiple approaches. First, to validate the consistence of our model system (HASMCs) compared with our previous findings, we reexamined the effects of 2-ME on cell number, DNA synthesis, proline synthesis, cell migration, and tubulin dynamics. Second, we investigated the effects of 2-ME on nuclear size (marker for lack of cytokinesis). Third, using high-density oligonucleotide microarrays, we examined the effects of 2-ME on transcripts involved in the RhoA/ROCK1 pathway. Fourth, we determine the effects of 2-ME on activity and localization of RhoA. Fifth, we examined the effects of 2-ME on ROCK1 expression. Sixth, we investigated the effects of 2-ME on classic downstream mediators of the RhoA/ROCK1 pathway (RhoA/ROCK1 ¡ phosphorylated myosin phosphatase targeting subunit ¡ phosphorylated myosin light chain). Seventh, we measured the effects of 2-ME on the expression of tissue factor, yet another downstream mediator of the RhoA/ROCK1 pathway (18) . Eighth, we compared the effects of a ROCK inhibitor with those of 2-ME on cell cycle signaling pathways and cytokinesis. Ninth, we assessed the in vivo effects of 2-ME on ROCK1 and tissue factor expression in neointimal tissue.
Materials. Primary antibodies, secondary antibodies, and chemicals and buffers are listed in Table 1 along with their sources.
Culture of HASMCs. HASMCs from females (Cascade Biologics, Portland, OR) between 4th and 8th passages were cultured under standard tissue culture conditions (37°C, 5% CO 2) in M231 culture medium supplemented with 1ϫ antibiotic-antimycotic (100 g/ml streptomycin, 100 g/ml penicillin, and 0.025 g/ml amphotericin B) and 25ϫ smooth muscle growth supplement [SMGS; 5% fetal calf serum (FCS), 2 ng/ml human basic fibroblast growth factor, 0.5 ng/ml human epidermal growth factor, 5 ng/ml heparin, 5 g/ml insulin, and 0.2 g/ml bovine serum albumin] (11). Medium was changed every 2 days. Once the culture reached ϳ80% confluence, the medium was change every day. To split the culture, the medium was removed, and the cells were washed twice with HBSS without Ca 2ϩ and Mg 2ϩ . After trypsinization with 0.25% trypsin diluted in HBSS (without Ca 2ϩ and Mg 2ϩ ), an equal volume of medium was added, and the cells were plated on culture dishes or in 75-cm 2 flasks. Cell density was ϳ20,000 cells/cm 2 . Studies were conducted using phenol red-free medium. When not specified, HASMCs were plated in normal growth medium at a density of 50,000 cells/well on 24-well plates (2 cm 2 ) and allowed to attach overnight. The cultures were growth arrested in DMEM-F12 supplemented with 1ϫ antibiotic-antimycotic, 0.1% sodium bicarbonate solution, and 0.4% steroid-free FCS for 24 h. HASMCs were treated in DMEM-F12 supplemented with 1ϫ antibiotic-antimycotic, 0.1% sodium bicarbonate solution, and 0.4% steroid-free FCS in the presence or absence of the test agents in various concentrations. (4 -6) . After starvation, the cultures were treated with PDGF-BB (20 ng/ml) in the presence (at different concentrations) or absence of the test agents. For cell number, after different time periods, cells were dislodged by trypsinization and counted with a Coulter counter. To assess the effects of 2-ME (1-3 mol/l) on DNA and collagen synthesis, HASMCs were pulsed with [
3 H]thymidine or [ 3 H]proline, respectively, and their incorporation in acidinsoluble fraction was analyzed on a ␤-scintillation counter, as described before (11) . These studies were conducted in triplicate.
Cell migration studies. The effects of 2-ME on PDGF-BB-induced HASMC migration was assessed using a modified Boydens Chamber and as previously described in detail by us (12) .
Analysis of 2-ME effects on protein expression and phosphorylation. Changes in the protein expression of RhoA, Rho-ABC (RhoA ϩ RhoB ϩ RhoC), ROCK1, p-rMLC [phosphorylated (Ser 19 ) regulatory subunit of myosin light chain], p-MYPT [phosphorylated (Thr 696 ) myosin-targeting subunit of myosin light-chain phosphatase (MLCP)], p-ERK1/2 (phosphorylated extracellular signal regulated kinases 1 and 2), p-Akt (phosphorylated Akt), cyclin B1, cyclin D1, and tissue factor were analyzed by Western blotting. To study the effects of 2-ME on the expression of selected proteins, HASMCs plated in 60-mm culture dishes were washed twice in sterile PBS before being growth arrested for 24 h in DMEM-12 medium supple- Kip1 deinhibits cyclin D activity. Cyclin D activates cyclin-dependent kinase-4 and -6 to hyperphosphorylate retinoblastoma protein (Rb), thus releasing the transcription factor E2F and allowing increased expression of downstream cyclins, resulting in the progression of the cell cycle toward mitosis. Mitosis requires the organization of tubulin to construct the mitotic spindle and achieve proper orientation of chromosomes during metaphase and their separation during anaphase. Our previous studies show that 2-ME inhibits mitogen-induced phosphorylation of both ERK1/2 and Akt and, in addition, inhibits tubulin organization (which blocks mitosis). In the current study, we propose yet a third site of action, i.e., inhibition of the RhoA/ROCK pathway, which is required for contractile ring function leading to cytokinesis. Taken together with our past results, the present study indicates that 2-ME blocks cell proliferation by interfering with mitogenesis, mitosis, and cytokinesis.
mented with 1ϫ antibiotic-antimycotic, 0.1% sodium bicarbonate solution, and 0.4% steroid-free FCS. The cultures were treated in DMEM-F12 (as starvation) for different time periods (0 -48 h). Before stimulation with PDGF-BB, cells were pretreated for 1 h with 2-ME. Controls were treated with vehicle (maximum 0.1% DMSO). After treatment, the cells were washed once with PBS and lysed by the addition of 70 -100 l of lysis buffer 1. The cell lysate was scraped from the dishes and homogenized by sonication (twice for 3 s) at low power. The protein concentration was determined as described under Protein concentration assay. Samples were kept at Ϫ20°C until use. Protein expression was analyzed by western blotting as previously described (5) .
Protein concentration assay. Protein concentrations were determined with the bicinchoninic acid (BCA) Protein Assay kit according to the manufacturer's protocol. The BCA Protein Assay is a detergentcompatible formulation based on BCA for the colorimetric detection and quantitation of total protein amounts in samples. The absorbance was measured with a SpectraFluor Plus and analyzed with the software Magellan 6.
Western blotting. Western blot analysis was performed with whole cell lysates, with the exception of membrane fraction samples. Equal amounts of proteins (15-25 g/lane) were diluted with 5ϫ loading buffer and 0.1 M dithiotheritol (DTT), and water was added to a volume of 17 l. After denaturated at 95°C for 5 min, the samples were loaded onto an SDS polyacrylamide gel (% of gel depending on molecular weight of analyzed protein). After separation on the gel, the proteins were transferred to a nitrocellulose membrane. Successful transfers were visualized by Ponceau S staining. For this the Ponceau S solution was added to the membrane. After 2 s, the Ponceau S solution was transferred back to the vial, and the membrane was washed in PBS until the red staining disappeared. If necessary, membranes were cut at the appropriate molecular weight before the Ponceau staining was washed out. Membranes were blocked in 5% nonfat dry milk in PBS either overnight at 4°C or at room temperature (RT) for 1 h. After blocking, the membrane was incubated with the primary antibody for 1-4 h at RT or overnight at 4°C. Primary and secondary antibodies were dissolved in 1% nonfat dry milk in PBS-0.2% Tween 20. To remove unbound primary antibodies, the mem- Gibco-BRL PDGF-BB Sigma PMSF (phenylmethylsulfonyl fluoride) Sigma Ponceau S solution (2%) Sigma brane was washed 3 ϫ 10 min with 1% nonfat dry milk in PBS-0.2% Tween 20. Incubation with peroxidase-conjugated secondary antibodies was again performed either for 1-4 h at RT or overnight at 4°C. The membrane was washed once with 1% nonfat dry milk in PBS-0.2% Tween 20 and twice with PBS-0.2% Tween 20. Labeled peroxidase activity was detected using ECL, and the membranes were exposed to X-OMAT LS films. When the membranes were analyzed with the LI-COR system, all steps were performed as described above, except that the membranes were blocked in 5% nonfat dry milk in PBS without Tween and incubated with the secondary antibody (IR Dye 680/800 conjugated goat anti-rabbit IgG) for 1 h and thereafter washed with PBS without Tween. For successive detection of different proteins on the same membrane, the membrane was washed with PBS-0.2% Tween 20 after analysis of the first protein, incubated for 15 min with stripping buffer for HPRO antibodies 1 (0.1 M glycine in PBS, pH 2-3), and washed in stripping buffer for HRPO 2 (1 M NaCl in PBS). Subsequently, the membranes were washed three times with PBS-0.2% Tween 20. When the membranes were analyzed with the LI-COR system, the membrane was incubated for 5 min with Newblot Nitro Stripping buffer and then washed 3 ϫ 10 min in PBS. Changes in protein expression were analysed by measuring optical density using ImageJ software. Proteins of interest were normalized either to ␤-actin or to unphosphorylated protein. Changes in protein expression following different treatments were normalized to vehicle-treated controls, which was 100% (within the controls of each experiment, the individual values were normalized against the overall mean value of the control and presented as mean Ϯ SE).
Separation of membrane fractions from whole cell lysate.
To study the effects of 2-ME on the translocation of RhoA to the plasma membrane, HASMCs plated in 100-mm culture dishes were washed twice in sterile PBS and growth arrested for 24 h in DMEM-F12 medium supplemented with 1ϫ antibiotic-anti-mycotic, 0.1% sodium bicarbonate solution, and 0.4% steroid-free FCS. The cultures were treated in DMEM-F12 medium. Before stimulation with PDGF-BB for 24 h, cells were pretreated 6 h with 2-ME. Controls were treated with vehicle (maximum 0.1% DMSO). Membrane fractions from whole cell lysate were separated by centrifugation. Cells were washed once with PBS and lysed by the addition of 0.2 ml of lysis buffer 2. The cell lysates were scraped from the dishes and homogenized 5ϫ through a 25-gauge needle. Aliquots of whole lysate were collected before centrifugation at 1,000 g for 10 min at 4°C. The pellet (nuclear fraction) was discarded and the supernatant collected. After addition of 4 ml of lysis buffer 2, the supernatant from this first spin was centrifuged at 100,000 g for 1 h at 4°C, and the cell membrane pellet was resuspended in lysis buffer 1. The supernatant remaining after the high-speed spin contained the cytosolic fraction. Samples were kept at Ϫ20°C until use. The protein expression was analyzed by Western blotting.
Synchronization of cell population in G 1/S-phase of the cell cycle by double thymidine block. Treatment with excess thymidine (2 mmol/l) causes the arrest of cells at the G1/S border owing to an inhibition of DNA synthesis that is attributable to feedback inhibition of nucleotide synthesis caused by an imbalance of the nucleotide pool. To arrest HASMCs at early S-phase, the cells were plated in standard growth medium (M231 ϩ amino acids ϩ SMGS) to achieve ϳ40% confluence the following day. After 24 h, the standard growth medium was replaced with medium containing 2 mmol/l thymidine and incubated for at least 12 h under standard tissue culture conditions (37°C, 5% CO2). Then the cells were washed 3ϫ with PBS, refed standard growth medium, and incubated for 12 h. Subsequently, the standard medium was replaced again with medium containing 2 mmol/l thymidine, and the cells were incubated for the next 12 h before release by 3ϫ washing with PBS. The cells were than treated with the test agents.
Immunofluorescence microscopy. For the analysis of p-rMLC and rMLC, HASMCs were grown on 8-well chamber slides. After 1 h of pretreatment with or without 5 mol/l 2-ME or 1 mol/l ROCK inhibitor H1152, cells were stimulated for 4 h with 20 ng/ml PDGF-BB. Fixation/permeabilization solution (4% paraformaldehyde ϩ 0.5% Triton X-100 in PBS) was added, and the chamber slide was shaken for 20 min at RT. Cells were then washed 3 ϫ 5 min with PBS before blocking with 3% BSA in PBS for 1 h at RT. Cells were incubated with primary antibodies (p-rMLC and rMLC) overnight at 4°C; control cells were kept in blocking solution. To remove unbound primary antibody, the chamber slide was washed 5ϫ with PBS. Incubation with either FITC-conjugated anti-mouse or TRITC-conjugated anti-rabbit antibody was performed for 1 h at RT. The chamber slide was washed again 5ϫ with PBS before addition of DAPI solution (100 ng/ml in PBS) on top of the cells. After 10 min the chamber slide was washed and prepared for immunofluorescence detection by addition of mounting medium (90% glycerol in Tris buffer, pH 8.8, ϩ 0.25% DABCO). The fluorescence was analyzed with FITC, TRITC, and DAPI filters on an Olympus Microscope BX61. Pictures were made in triplicates. The fluorescence signal of control cells was subtracted from pictures incubated with primary antibodies. DAPI is a fluorescent stain that binds strongly to A-T-rich regions of DNA. When it is bound to double-stranded DNA it has an absorption maximum at a wavelength of 358 nm (ultraviolet), and its emission maximum is at 461 nm (blue). For fluorescence microscopy, DAPI is excited with ultraviolet light and is detected through a blue/cyan filter. FITC has excitation and emission wavelengths of ϳ495 nm and 521 nm. TRITC (tetramethylrhodamine isothiocyanate) has excitation and emission wavelengths of ϳ545 and 572 nm.
Effects of 2-ME on tubulin polymerization. The influence of 2-ME on the dynamics of tubulin polymerization was assayed by immunofluorescence microscopy and as described before (4) . Briefly, HASMCs grown to subconfluence in 8-well chamber slides were growth arrested for 48 h with DMEM-F12. Subsequently, the starved/ synchronized cells were treated for 24 h with 2-ME (0, 0.1, 1, 3 mol/l) in the presence of 2.5% FCS. Following the treatment, the cells were washed twice with PBS and fixed at 37°C with 2% paraformaldehyde containing 0.04% Triton X-100. The polymerized tubulin in fixed HASMCs was labeled with primary anti-␣-tubulin (1:2,500 dilution) and secondary (goat anti-mouse FITC-conjugated, ICN, 1:50 dilution) antibodies. The staining was analyzed with fluorescence microscopy.
Cell morphology studies. For the investigation of cell morphology, HASMCs were plated on 6-well plates at a density of 200,000 cells/well. The next day, the cells were starved for 24 h in DMEM-F12 supplemented with 1ϫ antibiotic-antimycotic, 0.1% sodium bicarbonate solution, and 0.4% steroid-free FCS. After treatment with the test agents, the cells were placed under the microscope, and pictures were taken at different time points for 12 h. Computerized image analysis was utilized to assess changes in nuclear size and tubulin polymerization in response to 2-ME.
Live cell division. Live time lapse microscopy was employed to assess the impact of 2-ME on HASMC cytokinesis. To analyze the effects of the test agents on cytokinesis, HASMCs were plated on 6-well plates at a density of 200,000 cells/well. The cells were than synchronized in S-phase by a thymidine double block before treatment in growth medium supplemented with SMGS. Cells were placed under a microscope in standard tissue-similar conditions (37°C, 5% CO2). Pictures were taken automatically every 6 min for 12 h.
Carotid artery injury studies. Balloon injury-induced neointima formation was assessed in animals (male Wistar Kyoto rats, 350 to 400 g; RCC, Fullinsdorf, Switzerland), as described previously (24) . Osmotic pumps (ALZET minipumps) containing either vehicle or 2-ME were implanted for intravenous delivery of the vehicle or drug at a rate of 350 g·kg Ϫ1 ·day Ϫ1 . This dose was selected based on our previously published studies (13, 31, 33) . After 14 days, the animals were euthanized and perfused fixed for morphometric analysis as described before (24) . The extent of neointimal proliferation was quantified by measuring the area (m 2 ) of the neointima in hematoxylin and eosin (H&E)-stained cross sections of each left carotid artery.
To assess the impact of 2-ME on ROCK1 and tissue factor in vivo, rats (placebo n ϭ 4, treated n ϭ 4) were euthanized on day 8 and the carotid arteries snap-frozen in liquid nitrogen. Subsequently, segments from placebo-or 2-ME-treated animals were homogenized and lysed, and various proteins were analyzed using Western blotting, as described above.
Microarray experiments and analysis. HASMCs grown to subconfluence were treated with either vehicle or 3 mol/l 2-ME in the presence of 5% FCS for 30 h. Following treatment with 2-ME, cells were washed with PBS and processed for total RNA isolation. Total RNA was extracted from vehicle-treated and 2-ME-treated samples using an RNeasy Mini kit (Qiagen) according to the manufacturer's instruction. The quality of the isolated RNA was determined with a NanoDrop ND 1000 (NanoDrop Technologies) and a Bioanalyzer 2100 (Agilent, Waldbronn, Germany). Only samples with a 260/280 nm ratio between 1.8 -2.1 and a 28S/18S ratio within 1.5-2.0 were further processed. Total RNA samples (2 g) were reverse-transcribed into double-stranded cDNA, which was subsequently in vitro transcribed in the presence of biotin-labeled nucleotides, using an IVT Labeling Kit (Affymetrix, Santa Clara, CA). The labeled cRNA was purified and quantified using BioRobot Gene Exp -cRNA Target Prep (Qiagen) (16) . Biotin-labeled cRNA samples (15 g) were fragmented to 35-200 bp at 94°C in fragmentation buffer (Affymetrix) and were mixed in 300 l of hybridization buffer containing a hybridization control cRNA and control Oligo B2 control (Affymetrix), 0.1 mg/ml herring sperm DNA, and 0.5 mg/ml acetylated bovine serum albumin in MES buffer, pH 6.7, before hybridization to GeneChip Human Genome U_133 Plus 2.0 arrays for 16 h at 45°C. Arrays were then washed using an Affymetrix Fluidics Station 450 EukGE-WS2v5_450 protocol. An Affymetrix GeneChip Scanner 3000 was used to measure the fluorescence intensity emitted by the labeled target. Normalization and computation of expression values was performed using the Robust Multichip Average algorithm (16) . The expression data were analyzed both at the single gene level and at the pathway level, as previously described (20) and published in the GEO data repository (identification code GSE12261). In a first step, the statistically most relevant differentially regulated transcripts are identified using Significance Analysis of Microarrays (32), a method that provides a ranking of the transcripts found to be differentially regulated between any two given protocols. Statistical significance is measured by the q-value, which is the lowest false discovery rate (ϭ percent of genes that are expected to be identified by chance) at which a gene is described as significantly regulated. In a second step, the association between 2-ME treatment and functionally related group of genes and pathways was studied using Gene Set Enrichment Analysis (GSEA) (30) . GSEA is a computational method that , and cell migration in HASMCs treated for 3 days, 24 h, 36 h, and 8 h, respectively. Results are expressed as means Ϯ SE; n ϭ 3 experiments in triplicates. B: representative photomicrographs and bar graph depicting concentration-dependent inhibitory effects of 2-ME on tubulin polymerization in proliferating HASMCs. Tubulin polymerization experiments were conducted in triplicate. C: time lapse phase contrast imaging of effects of 2-ME on mitogeninduced cytokinesis in HASMCs presynchronized in early S-phase by double thymidine blockade. Pictures were taken every 6 min for 24 h or until cell division. In untreated cells, cell division was accomplished within 2 h (white arrow), whereas 2-ME-treated cells failed to divide and underwent apoptotic disintegration (white arrow) after 11 h. D: modulatory effects of 2-ME on nuclear size in proliferating HASMCs treated for 5 days. Nuclear size in DAPI-stained HASMCs was assessed using the Olympus imaging system; changes are depicted in the bar graph. At least 20 cells were counted for each condition. *P Ͻ 0.05 vs. vehicle-treated control.
determines whether an a priori defined set of genes shows statistically significant, concordant differences between two biological states ("phenotypes"). Results are ranked by their normalized enrichment score (NES): a P value and the false discovery rate (q-value). Pathway information and references are available at The Molecular Signatures Database (http://www.broad.mit.edu/gsea/ msigdb), which is a searchable online collection of gene sets used with GSEA (identification code GSE12261). Several pathways related to artherosclerosis and/or ischemic heart disease were manually curated (1, 22, 26) .
Statistics. Microarray experiments were conducted in triplicates, whereas all growth experiments were performed in triplicates or quadruplicates with three to four separate cultures. Statistical analysis of the microarray data was performed according to standard methods. Treatment effects on cross-sectional areas were analyzed using ANOVA or the nonparametric Kruskal-Wallis test. Other statistical analyses were performed using ANOVA, paired Students't-test, or Fisher's least significant difference test as appropriate. A value of P Ͻ 0.05 was considered statistically significant. Changes in protein expression following different treatments were normalized to vehicletreated controls, which was 100%. To ascertain reproducibility and variation in controls within each experiment, the individual values were normalized against the overall mean value of the controls and presented as means Ϯ SE.
RESULTS
Treatment of HASMCs with 2-ME (1-3 mol/l) for 3 days inhibited PDGF-BB-induced cell proliferation (cell number) from 100 Ϯ 5.5 to 77.5 Ϯ 5.9 and 63.1 Ϯ 2.8% (P Ͻ 0.05; Fig.  2A ). Similar to the effects on cell number, 2-ME significantly Fig. 2A) . Tubulin polymerization is required for mitosis and cytokinesis. Notably, treatment with 2-ME inhibited tubulin polymerization in a concentrationdependent fashion (Fig. 2B) . The percentage of tubulin-positive cells was reduced from 100% in controls to 34 Ϯ 5% in HASMCs treated with 3 mol/l 2-ME. To further assess the impact of 2-ME on cell division, we employed time lapse live imaging microscopy. HASMCs were synchronized in early S-phase by double thymidine blockade and subsequently allowed to grow in complete growth medium in the presence or absence of 2-ME. In control cells, cytokinesis to two daughter cells was accomplished within 2 h (Fig. 2C) . However, in cells treated for 11 h with 5 mol/l 2-ME cytokinesis was blocked by 47 Ϯ 5% (Fig. 2C) . The cells attempted cytokinesis without success for 11 h, and subsequently they degraded into many vesicles/vacuoles, indicating apoptosis ( Fig. 2C ; see white arrows). Since tubulin disruption influences nuclear separation, we assessed the impact of 2-ME on nuclear size in growing HASMCs. As shown in Fig. 2D , treatment with 2-ME increased nuclear size in HASMCs, indicating interference with cytokinesis. Figure 3 compares time-lapsed photographs of HASMCs undergoing mitosis and cytokinesis with no treatment (Fig.  3A) , treatment with 5 mol/l 2-ME (Fig. 3B ), or treatment with 1 mol/l H-1152 (Fig. 3C) , a ROCK1 inhibitor. As with 2-ME, H-1152 caused mitotic cell rounding and inhibition of cytoki- Fig. 3 . Photomicrographs showing the process of cell division of HASMCs in growth medium (A), with 5 mol/l 2-ME (B), and with 1 mol/l H-1152 (C). Cells were grown in 6-well plates and synchronized in early S-phase by double thymidine block. After the second release, cells were treated and placed under the microscope in cell culture conditions. Images were taken automatically every 6 min for 12 h. nesis; however, unlike with 2-ME there was no indication of apoptosis. Phenotypic changes were observed in 53 Ϯ 6% of HASMCs treated for 11 h with 2-ME (5 mol/l).
To investigate further the contribution of the RhoA/ROCK1 pathway in mediating the inhibitory effects of 2-ME on cell proliferation, we assessed the concentration-dependent effects of H-1152 on cell proliferaiton. As shown in Fig. 4A, H-1152 inhibited PDGF-BB-induced proliferation of HASMCs in a concentration-dependent fashion.
Next, we performed a high-density oligonucleotide microarray analysis and evaluated the potential impact of 2-ME on the RhoA/ROCK1 pathway. Employing GSEA, we found that 2-ME significantly inhibited the mRNA expression of genes involved in the RhoA/ROCK1 pathway (Fig. 4B) . These findings suggested modulation of the RhoA/ROCK1 pathway by 2-ME as a potential mechanism for 2-ME's antiproliferative actions in HASMCs. To test this, we further assessed the impact of 2-ME on key components of the RhoA/ROCK1 pathway at the protein level. Consistent with the microarray analysis, treatment of HASMCs with 2-ME abrogated seruminduced levels of GTP-activated RhoA ϩ RhoB ϩRho C (RhoABC pulldown assay) (Fig. 4C) . Furthermore, 2 and 5 mol/l 2-ME significantly inhibited the expression of membrane-bound (activated) RhoA from 195.3 Ϯ 33.8% (PDGF-BB) to 67.8 Ϯ 2.8 and 22.27 Ϯ 13.2% (all results expressed as %control), respectively (Fig. 4D) . Treatment with PDGF-BB alone induced ROCK1 (primary downstream signaling mediator for RhoA) expression in a time-dependent fashion, with a maximal stimulation at 48 h (Fig. 5A) ; moreover, treatment with 2 and 5 mol/l 2-ME for 48 h attenuated the PDGF-BBinduced expression of ROCK1 (Fig. 5A) . In contrast to 2-ME, H-1152 had no effect on ROCK1 expression (Fig. 5A) Fig. 5B . 2-ME (2 and 5 mol/l) concentration-dependently inhibited PDGF-BB-induced phosphorylation of MYPT (P Ͻ 0.05), and these effects were mimicked by H-1152 (Fig. 5B) . Additionally, 2-ME inhibited angiotensin II-induced expression of phosphorylated MYPT (Fig. 5C) .
In serum-starved HASMCs, PDGF-BB induced rMLC phosphorylation in a time-dependent fashion with maximum stimulation (Ϸ10-fold; 1124.3 Ϯ 103.5% of control, P Ͻ 0.05) at 8 h (Fig. 6A) . Treatment with 2-ME abrogated PDGF-BBinduced phosphorylation of rMLC, with maximal inhibition of 46% at 5 mol/l (Fig. 6A) . Similarly, H-1152 decreased rMLC phosphorylation by 35% (P Ͻ 0.05; Fig. 6A ). Figure 6B shows photomicrographs of rMLC phosphorylation at Ser 19 (green FITC signal) as well as total rMLC by immunofluorescence, Fig. 4 . A: effects of ROCK1 inhibitor H-1152 (1-3 mol/l) on PDGF-BB-induced proliferation (cell number) of HASMCs. Data are means Ϯ SE; n ϭ 3 experiments in triplicates. B: microarray analysis of transcriptional changes in HASMCs treated with 2-ME (3 mol/l) for 30 h. Expression levels are depicted as color scale from red (upregulation) to blue (downregulation). Gene Set Enrichment Analysis (GSEA) revealed upregulation of key RhoA/ROCK1 pathway-associated transcripts. C: significant inhibitory effects of 2-ME (3 mol/l) on FCS (5%)-induced expression of GTPbound RhoABC in HASMCs. D: inhibitory effects of 2-ME on PDGF-BB (20 ng/ml)-induced membrane-bound RhoA (m-RhoA) expression in HASMCs. Data are presented as means Ϯ SE; n ϭ 3. *P Ͻ 0.05 vs. vehicle-treated control; § significant inhibition vs. mitogen-treated cells.
confirming the inhibitory effects of 2-ME and H-1152 on rMLC phosphorylation.
Our previous findings (4) show that 2-ME inhibits phosphorylation of ERK1/2 and Akt and consequently reduces the expression of cyclin D1 and cyclin B1. To decipher the involvement of the RhoA/ROCK1 pathway in mediating these effects, we compared the effects of 2-ME and H-1152 on phosphorylation of ERK1/2 and Akt and expression of cyclin D1 and cyclin B1. As shown in Fig. 7 , the inhibitory effects of 2-ME on ERK1/2 and Akt phosphorylation and on cyclin D1 and cyclin B1 protein expression were not mimicked by H-1152. These findings indicate that inhibition of the RhoA/ ROCK1 pathway by 2-ME represents yet another site of action of 2-ME to inhibit cell proliferation. The inhibitory effects of 2-ME, but not H-1152, on Akt phosphorylation may also explain their differential actions on HASMCs on apoptosis.
To assess the pathophysiological significance of the inhibitory effects of 2-ME on the RhoA/ROCK1 pathway, we further investigated the effects of 2-ME on tissue factor, a downstream target of RhoA/ROCK1 and an important player in the pathophysiology of injury-induced neointimal thickening. In HASMCs, thrombin (4 U/ml) induced the expression of tissue factor (Figs. 8 and 9A ), and this effect was accompanied by increased expression of ROCK1 (Fig. 9A) and increased phosphorylation of rMLC and MYPT (Fig. 9A) . All of these effects of thrombin were inhibited by 2-ME (Figs. 8 and 9A ). Also, treatment of HASMCs with other mitogens implicated in inflammation and vascular remodeling (PDGF-BB, TNF␣, serum) induced tissue factor expression, and these effects were abrogated by 2-ME (Fig. 9B) . To assess whether the inhibitory effects of 2-ME on tissue factor and ROCK1 in HASMCs are also seen in vivo following balloon injury, we assessed changes in the expression of these proteins in the neointima of rat carotid arteries. Consistent with our previous observations (4), 2-ME inhibited neointima formation (Fig. 9C) ; moreover, compared with vehicle, treatment with 2-ME downregulated the expression of tissue factor and ROCK1 (P Ͻ 0.05 vs. vehicle; Fig. 9C ).
DISCUSSION
Our high-density oligonucleotide microarray analysis provides strong evidence that 2-ME downregulates genes in the RhoA/ROCK1 pathway. This concept is corroborated by the fact that 2-ME inhibits mitogen-induced expression of activated (GTP-bound) RhoABC as well as membrane-bound RhoA (indicating inhibition of RhoA's activation), events upstream of ROCK1. We also demonstrate that 2-ME inhibits the expression of ROCK1, the major downstream mediator of activated RhoA. Thus, it appears that 2-ME blocks the RhoA/ ROCK1 pathway both by inhibiting the activation of RhoA and by reducing the expression of ROCK1. That 2-ME blocks the RhoA/ROCK1 pathway is further supported by our observations that 2-ME blocks signaling downstream of ROCK1, including phosphorylation of MYPT and rMLC and expression of tissue factor. Blockade of the RhoA/ROCK1 pathway by 2-ME likely contributes to 2-ME's antiproliferative effects, because inhibiting the RhoA/ROCK1 pathway with H-1152 attenuates cell proliferation.
ROCKs are serine-threonine protein kinases that contribute to many downstream effects of Rho GTPases (19, 29) . There are two isoforms of ROCK (ROCK1 and ROCK2), but ROCK1 appears to be more involved than ROCK2 in vascular remodeling and VSMC proliferation, migration, adhesion molecule expression, contraction, and actin-and tubulin-mediated cytoskeletal reorganization (19, 29) . Downstream of ROCK1 are MYPT and MLC. ROCK1 phosphorylates MYPT at Thr 696 , a process that inhibits MLCP activity and therefore increases the phosphorylation at Ser 19 of rMLC (19, 29) . Phosphorylation of rMLC at Ser 19 regulates the activity of myosin II, which is an essential motor in the contractile process from contractile ring formation through cleavage furrow ingression to the separation of the two daughter cells (2, 19, 29) . The present study shows that 2-ME inhibits the phosphorylation of MYPT at Thr 696 and rMLC at Ser 19 , which would explain how 2-ME blocks cytokinesis. Consistent with this concept, the present study also shows that 2-ME 1) blocks tubulin polymerization, 2) hinders separation of daughter cells, and 3) increases nuclear size. Our previous study demonstrated that 2-ME blocks VSMC growth in the G 2 /M phase of the cell cycle (4) . Downregulation of the RhoA/ROCK1 pathway may be responsible for this effect. Taken together, our results provide strong evidence that the inhibition of the RhoA/ ROCK1 pathway by 2-ME importantly contributes to its antiproliferative action in VSMCs.
Our findings that the ROCK1 inhibitor H-1152 attenuates PDGF-BB-induced VSMC proliferation as well as the phosphorylation of MYTP and rMLC suggest active involvement of the RhoA/ROCK1 pathway in VSMC proliferation. The fact that 2-ME attenuates the expression of ROCK1, whereas treatment with H-1152 does not attenuate ROCK1 expression, implies that 2-ME and H-1152 inhibit RhoA/ROCK1 pathway by different mechanisms. This is consistent with the mechanism of action of kinase inhibitors like H-1152, which block the ability of ROCK1 to phosphorylate its targets without affecting the expression of ROCK1.
There is an additional distinction between direct ROCK1 inhibition by H-1152 and inhibition of the RhoA/ROCK1 pathway by 2-ME. Untreated cells divide, starting from mitotic rounding to cytokinesis, in a time frame of 2-3 h. Although this time frame is altered by both H-1152 and 2-ME, these compounds have different effects on the process. HASMCs treated with 2-ME first stop in the mitotic rounding state, then attempt cytokinesis without success, and finally disintegrate into vacuole-like vesicles. In contrast to 2-ME, treatment with H-1152 arrests cells in mitotic rounding for over 12 h without progression to cytokinesis. These results are entirely consistent with the studies by Gui and Zheng (15), who were the first to show that 2-ME causes mitotic arrest and apoptosis in HASMCs. Evidence suggests that ROCK1 may play a role in caspase activation (29) , explaining the absence of apoptosis-like behavior in HASMCs treated with H-1152. However, since 2-ME downregulates ROCK1, we conclude that the apoptotic effects of 2-ME are mediated independently of its effects on the RhoA/ROCK1 pathway.
Our previous studies have shown that 2-ME arrests HASMCs in both the G 0 /G 1 and G 2 /M phases of the cell cycle (4). On the basis of these observations, we postulated that the inhibition of the RhoA/ROCK1 pathway is responsible for the blockade in G 2 /M phase via reduction of MLC phosphorylation and consequent inhibition of cytokinesis; however, 2-MEmediated blockade of HASMCs in the G 0 /G 1 phase of the cell cycle is likely independent of the RhoA/ROCK1 pathway. In support of this concept, we observed that 2-ME, but not H-1152, inhibits PDGF-induced ERK1/2 and Akt phosphorylation and that 2-ME, but not H-1152, downregulates PDGFinduced cyclin D1 and B1 expression. Consistent with our past (4) and present investigations, studies by Jennings et al. (17) in mice provide additional evidence that endogenous 2-ME inhibits ERK1/2 and Akt phosphorylation. The results by Jennings et al., along with our findings, suggest that 2-ME, but not H-1152, downregulates the phosphorylation of proteins important for G 0 /G 1 progression. Moreover, 2-ME interferes with microtubule organization, which perturbs the correct alignment of chromosomes at metaphase and their correct segregation during anaphase. These actions would activate the spindle assembly checkpoint and arrest the mitotic process (29) (Fig.  1) . Taken together, we conclude that 2-ME inhibits proliferation by at least three distinct mechanisms: 1) arresting VSMCs in G 0 /G 1 phase by inhibiting mitotic signaling and key cell cycle regulators, 2) blocking mitosis by disrupting tubulin organization, and 3) blocking cytokinesis by inhibiting the RhoA/ROCK1 (Fig. 1) .
How 2-ME blocks the RhoA/ROCK1 pathway is unknown. Studies show that 2-ME also has inhibitory effects on the Fig. 7 . Western blots and bar graph (changes in optical density; means Ϯ SE) depicting effects of 2-ME on cyclin D1, cyclin B1, phosphorylated (p)-ERK1/2, total ERK1/2, p-Akt and total Akt. Data are presented as means Ϯ SE; n ϭ 3. *P Ͻ 0.05 vs. vehicle-treated control;
§ significant inhibition vs. mitogen-treated cells. Fig. 8 . Concentration-dependent inhibitory effects of 2-ME on thrombin (4 U/ml)-induced expression of tissue factor (TF) in HASMCs. activity of calmodulin (3), which associates with mitotic spindles to initiate cytokinesis. Therefore, it is conceivable that 2-ME inhibits the RhoA/ROCK1 pathway by blocking calmodulin activity.
Apart from proliferation, another effect of 2-ME that one can observe in cell culture is on cell morphology. The change in cell shape is in part due to 2-ME-induced interference with microtubules (4). Since RhoA proteins also regulate VSMC contraction (29), we investigated the role of the RhoA pathway in the morphological change induced by 2-ME. We found that 1) 2-ME induced a rounding response in HASMCs in a concentration-dependent manner; and 2) H-1152 had no effect on cell morphology. Rounded cells show less extended microtubules, and the inhibition of tubulin polymerization by 2-ME may explain this effect. Taken together, the above findings suggest that the RhoA pathway is not involved in 2-MEinduced change in cell morphology. This is in accord with the findings that the ROCK1-dependent contractile system regulates the organization of the fine central stress fibers, while peripheral stress fibers responsible for cell morphology are dependent on MLCK and the Ca 2ϩ pathway (19, 29) . Tissue factor is another potential target of the RhoA/ROCK1 pathway (18, 19) , and the present study shows that treatment of HASMCs with atherogenic/mitogenic agents (thrombin, TNF-␣, PDGF-BB, FCS) induces tissue factor expression and that these effects are abrogated by 2-ME. Importantly, 2-ME inhibits not only thrombin-induced tissue factor expression but also the expressions of ROCK1, p-MYPT, and p-rMLC, suggesting that 2-ME attenuates tissue factor expression by inhibiting the RhoA/ROCK1 pathway. Indeed, the RhoA/ROCK1 pathway directly induces tissue factor expression in VSMCs (18, 19) .
Importantly, the present study shows that 2-ME reduces neointima formation and inhibits both ROCK1 and tissue Fig. 9 . A: representative Western blot demonstrating inhibitory effects of 2-ME on thrombin (Thr; 4 U/ml)-induced TF, ROCK1, p-rMLC, and p-MYPT expression in HASMCs. Similar effects were observed in 3 separate experiments. B: stimulatory effects of PDGF-BB (20 ng/ml), thrombin (4 U/ml), TNF-␣ (10 ng/ml), and FCS (5%) on TF expression in cultured HASMCs, and inhibitory effects of 2-ME (1 mol/l) on PDGF-BB, TNF-␣, and FCSinduced expression of TF in cultured HASMCs. C: Inhibitory effects of 2-ME on TF and ROCK1 protein expression in rat carotids in vivo and on neointima formation following balloon injury. Rats were treated with placebo or 2-ME (350 g·kg Ϫ1 ·day Ϫ1 iv via osmotic pumps, n ϭ 4) and were euthanized on day 8. Carotid arteries were snap-frozen in liquid nitrogen, subsequently lysed, and proteins analyzed using Western blotting. Data are presented as means Ϯ SE; n ϭ 4. *P Ͻ 0.05 vs. controls.
factor expression in rat carotid arteries following balloon injury. These findings suggest that the inhibitory effects of 2-ME on the RhoA/ROCK1/tissue factor axis may contribute to its antivasoocclusive and vascular protective actions in vivo. Because our in vitro experiments were conducted in steroidstripped and phenol red-free medium, we conducted our in vivo experiments in male rats to avoid high levels of endogenous 17␤-estradiol and 2-ME. However, this is a limitation of the present study, and additional studies using ovariectomized female rats are required to fully confirm and validate our findings in vivo.
Although our findings suggest that 2-ME inhibits tissue factor expression by inactivating the RhoA/ROCK1 pathway, other direct or indirect mechanisms may also be involved. Our previous studies using microarray analysis showed that 2-ME modulates multiple mechanisms that can affect tissue factor expression. Specifically, 2-ME induces COX2 expression, activates PPAR␣ and -␥, inhibits 3-hydroxyl-3-methylglutaryl coenzyme A (HMG-CoA), blocks squalene epoxidase and mevalonate (diphospho) decarboxylase (which convert mevalonic acid to isopentenyl-PP and squalene), and inhibits NF-B and phosphatidylinositol 3-kinase (6, 7, 23) . Moreover, 2-ME inhibits MAPK, a known activator of tissue factor (21) . Irrespective of whether 2-ME inhibits tissue factor expression directly or indirectly via the RhoA/ROCK1 pathway, this downregulation would protect against vascular remodeling associated with cardiovascular disease. The fact that 2-ME inhibits tissue factor expression induced by multiple factors linked to cardiovascular disease further highlights its importance as a vascular protective agent.
Similarly to 2-ME, paclitaxel/taxol inhibits neointima formation (28) ; however, use of paclitaxel in drug-eluting stents induces hyperconstriction and ROCK expression (27) . A potential explanation for the differential effects of 2-ME and paclitaxel on ROCK may be the difference in their mode of microtubule action. Indeed, taxol is a tubulin-stabilizing agent, whereas 2-ME inhibits tubulin polymerization and induces its breakdown (19) .
In conclusion, our results highlight the potential use of 2-ME as therapeutic agent against vasoocclusive disorders in cardiovascular disease. Our findings that the protective effects of 2-ME are in part mediated by the RhoA/ROCK1 pathway and tissue factor provide new insights into the mechanism of action of this molecule. The use of ROCK1 and tissue factor inhibitors is known to be vasoprotective (19, 21, 25) , and the observation that 2-ME inhibits rMLC and MYPT phosphorylation as well as tissue factor may be of therapeutic and clinical interest. The above notion, together with the fact that 2-ME inhibits growth of multiple other cell types (cardiac fibroblasts, glomerular mesangial cells) (9, 10) where these pathways are active suggests that 2-ME may be effective against multiple proliferative disorders.
